Transient photo-induced voltage characteristics have been studied in La 0.9 Sr 0.1 MnO 3 films on vicinal cut SrTiO 3 (0 0 1) substrates. The as-received thin films are epitaxially grown on the substrates and predominated by a single (1 0 1)-oriented growth. Under irradiation of a 308 nm laser pulse the voltage signal is pulsed and the response time agrees with the laser pulse width. The dependence of the voltage peak on the tilting angles from 0
Introduction
Manganites with the perovskite-type structure (ABO 3 ) have attracted a great deal of interest because of the versatile electronic states that can be controlled by various kinds of external perturbations [1, 2] . Photoexcitation offers an attractive method to vary the concentration of charge carriers without the added complication of a change in the chemical composition and the crystal structure. Technological interest has centred on bolometers [3, 4] , while more basic issues have involved quasi-particle generation and carrier relaxation times [5] [6] [7] [8] [9] .
A pulsed laser-induced voltage was discovered in epitaxially grown La 1−x Ca x MnO 3 thin films on a vicinal cut substrate [10, 11] , and an atomic layer thermopile model based on the existence of off-diagonal elements of the Seebeck tensor was put forward to explain the effect [12] [13] [14] [15] [16] [17] . In particular, an ultrafast optical response effect was observed in manganite oxide films under the irradiation of a laser pulse of 25 ps duration, and the rise time is ∼300 ps [18] . It is noted that no voltage has been found when the photon energy is lower than 4 Author to whom any correspondence should be addressed. the band gap of the manganite [18] . These results reveal that the observed photo-induced voltage signal is a combination of photo-inducing carriers and the Seebeck effect found in a lateral electrical field.
Heating the surface of a manganite thin film by absorption of radiation establishes a temperature gradient ∇T perpendicular to the film surface. Due to the Seebeck effect, a thermoelectric field, E = S·∇T , is generated with the Seebeck tensor S [12] . The lateral voltage can be written as
Here l is the irradiated length by the laser beam between two electrodes, S ab and S c the Seebeck coefficients of the crystalline ab plane and along the c axis, respectively, θ the tilting angle between the c axis and the film surface normal n (also the direction of laser irradiation), T the temperature difference between the front and back surfaces of the film and d the film thickness. We have shown the linear dependence of V l on sin(2θ) for small tilting angles from 0
• to 20
• [18] . However, as we know, equation (1) has not been further probed at a large angle (θ > 20
• ) due to the difficulty in growing high crystalline quality thin films at vicinal substrates with large miscut angles. La 0.9 Sr 0.1 MnO 3 (LSMO) has a distorted perovskite structure exhibiting an orthorhombic variant. Six possible growth orientations are expected theoretically when the LSMO film epitaxially grows on SrTiO 3 (STO) (0 0 1) [19] . When there is a miscut on the substrate surface, the fourfold symmetry of (0 0 1) is broken by exposing the (1 0 0) planes at the surface steps, leading to only a single (1 0 1)-oriented domain in LSMO films on vicinal STO (0 0 1) substrates (θ can be as large as 30
• ) as displayed in our previous work [20] . Such a microstructrual characteristic offers the possibility of validating equation (1) .
In this paper, we focus on the angle dependence of V l from 0
• to 45
• . In contrast to the expected result from equation (1) that the laser-induced voltage reaches the maximum at 45
• , our results indicate that the optimum angle is not 45
• and the largest signal appears at ∼30
• .
Experimental procedure
LSMO films with a thickness of about 300 nm were grown on the STO (0 0 1) substrates' vicinal cut with the surface at an angle θ varying from 0 • to 45
• to the (0 0 1) plane by laser molecular beam epitaxy [21, 22] . The substrate temperature was kept at 630
• C and the oxygen pressure of 3 × 10 −4 Pa was maintained throughout the deposition. An in situ reflection high energy electron diffraction (RHEED) system and a charge coupled device (CCD) camera were used to monitor the growth process of the LSMO thin films. As shown in figure 1 , the streaky and bright RHEED pattern clearly indicates that the films had a good crystallized structure and smooth surface. Taking the c-axis diffraction peak of the substrate as an internal standard, the x-ray diffraction (XRD) of the LSMO film on the STO (0 0 1) substrate with a miscut angle of 10
• is performed. To satisfy Bragg's diffraction geometry, the STO [0 0 1] axis was aligned carefully and the offset point ω was set as 10
• . For the photo-induced voltage measurements, two in-plane electrodes separated by 4 mm were placed on the surface of the LSMO films as displayed in the inset of figure 4(a) and were always kept in the dark to prevent the generation of any electrical contact photovoltaic effect. The output of a Lambda Physik LEXTRA 200 excimer laser (308 nm in wavelength, 20 ns in duration) was used as the laser source. The irradiation area is 3×2 mm 2 and the signal was monitored with a sampling oscilloscope (500 MHz bandwidth) terminated into 50 at ambient temperature. Detailed measurement procedure can be found in our previous articles [23] [24] [25] [26] [27] [28] . Figure 2 shows the XRD spectrum. As expected, only the peaks with the same orientation as the substrate were detected. In figure 2(a) , the coherently titled LSMO film with c-axis is exactly along the c-axis of STO and also inclined by θ to the surface normal. As for θ = 45
• (ω = 0 • ), the LSMO film also shows a single phase structure and (1 0 1) orientation is observed ( figure 2(b) ).
It is noted that the preparation processing was carried out at a lower oxygen pressure and there is no annealing in the presence of oxygen, so the as-prepared samples are oxygen-deficient. The chemical composition was determined by the x-ray photoelectron spectroscopy (XPS) spectrum at etching depths of 50 nm (figure 3), and the stoichiometry ratio of La, Sr, Mn and O in the LSMO film approached about 0.9 : 0.1 : 1 : 2.7. The oxygen release resulted in the low-angle shift of the LSMO peaks that produced lattice expansion, and similar behaviours have been observed in other deoxidized manganites [29] . Figure 4 (a) shows a typical voltage transient of the LSMO thin film on the 10
• tilting STO substrate under the irradiation of a pulsed 308 nm laser of 20 ns in duration. The laser energy per pulse is 180 mJ and the on-sample energy is 4.5 mJ. The optical response shows a peak voltage V P of ∼ 0.05 V and a pulse width of ∼20 ns in agreement with the laser duration. Figure 4 (b) demonstrates the relation between the peak value V P and the on-sample energy E i for an irradiated area of 3 × 2 mm 2 . We can get V P ∝ 1 − exp(−E i /E 0 ) by fitting the data carefully (E 0 75 mJ). From equation (1), an exponential laser energy density dependence of the temperature gradient ∇T is expected.
Theoretically the largest signal will appear at θ = 45
• (sin(2θ) = 1). In contrast, the present results as shown in figure 5 (a) demonstrate that the detected signal for 45
• is basically a random noise due to the electrical-magnetical emission by the operation of the excimer laser. In addition, at θ = 0 • the peak voltage of ∼0.005 V departs from equation (1) which gives a zero value for sin(2θ) = 0. Electron diffractions and high-resolution images show an atomically sharp interface°F • ), and the microstructures of as-received LSMO films are clarified in terms of multi-oriented domains forming a rectangular crossgrid pattern [20] . In particular, based on figure 3(a) in our paper [20] , the (1 0 1) plane of each domain is parallel to the substrate surface, and the boundaries are 45
• away from the interface normal [0 0 1]. These facts indicate that a photoinduced voltage signal can be detected at θ = 0
• on the basis of the off-diagonal Seebeck effect as discussed in the La 0.8 Sr 0.2 MnO 3 system [30] . Figure 5 (b) plots the tilting angle dependence of the peak voltage. The signal amplitude increases with θ until 30
• and then decreases. It is known that each element of the Seebeck tensor is proportional to the corresponding electrical resistivity of the system. For the present transient process, the transient electrical resistivity along each axis is reverse proportional to the transient carrier density correspondingly. The inset of figure 5(b) shows the schematic drawing under irradiation of a pulsed laser. If the laser beam is divided into two components of being parallel and perpendicular to the tilting direction, the transient carrier density along each axis is proportional to the illuminated power perpendicular to the tilting direction. Thus
So, we can get
The solid line in figure 5(b) shows the calculated result from equation (3) by inserting α = 0.35. In contrast to our previous report where the maximum occurs at 20.9
• [27] , the largest signal in the present results appears at ∼30
• . This difference can be understood easily. As for the STO single crystal, the resistivity is isotropic, while being anisotropic for LSMO. Thus, α = 1 and 0.35 is achieved for STO and LSMO, respectively. Furthermore, the discrepancy at 45
• stems from the simplification of the model used in our theory. The study on the true nature behind the transient process of photo-induced voltage is highly expected.
Summary
In summary, we have investigated the tilting angle dependence of transient photo-induced voltage characteristics of LSMO films epitaxially on vicinal cut STO substrates.
The microstructures in the LSMO film on the STO (0 0 1) substrate are clarified in terms of the oriented microdomains, while the films on miscut STO substrates are predominated by a single (1 0 1)-oriented growth. The dependence of the pulsed laserinduced voltage peak on the tilting angles shows that 45
• is not the best choice and the largest signal appears at ∼30
• . The mechanism of such a effect is proposed.
